Abstract -The interest in biodiesel as an alternative source of energy has been extremely intensified by its use as a renewable and economically viable fuel. As a result, continuous production processes have been a requirement to supply growing demand. This work presents experimental and simulated results of two biodiesel production pilot plants and makes a comparison between the processes they use. The first one was designed with three plug flow reactors (PFRs) connected with recycle streams. The second one was composed of a reactive distillation process for biodiesel production. Repeated tests in Aspen Plus and Matlab showed that multiple PFRs with high volume are required for 98% ester conversion. However, a single unit of reactive distillation resulted in 99% conversion. In short, to produce large quantities of biodiesel this work indicates continuous reactive distillation as the most adequate process.
INTRODUCTION
The American Society for Testing and Materials defines biodiesel as a fuel composed of mono-alkyl esters of long chain fatty acids derived from vegetable oil or animal fat, respecting the requirements of ASTM D6751-12 (ASTM, 2012) . Considering the available biofuel sources, biodiesel has significant importance in modern society. This is because it is biodegradable, nontoxic, an excellent lubricant and can be used pure or blended with petroleum diesel (Jain et al., 2012) . Biodiesel can be obtained from an acid-catalyzed esterification or by a base-catalyzed transesterification reaction, which generates glycerin as byproduct thus increasing the economic value of the process (Yang et al., 2012) . American Legislation permits 20% of biodiesel to be added to commercial diesel, in compliance with regulation ASTM D6751 (ASTM, 2012) .
Significant efforts have been made to adapt raw material and the productive process to the quality of biodiesel production. For instance, Teo et al. (2014) have recently described the production of biodiesel from micro algae using a base-catalyzed transesterification reaction. Choedkiatsakul et al. (2014) showed an improved transesterification reaction by combining mechanical stirring and ultrasonic reactor. Alves et al. (2013) studied biodiesel purification using micro and ultrafiltration membranes.
The main raw materials for biodiesel production include palm, canola, jatropha, soybeans, cotton seed and sunflower seed. These oilseeds are attractive due to their Brazilian Journal of Chemical Engineering Printed in Brazil www.scielo.br/bjce availability and possibility of ester production on a large scale. There is a certain critcism, however, regarding the use of soybean as raw material for biofuel production. Being a food commodity, use for fuel does not support a global policy of food security (Pinto et al., 2005; Joseph, 2007; Festel, 2008) . Cottonseed oil appears to be an effective substitute for soybean oil as it is a byproduct of the cotton industry (Qian, 2008) .
According to the report of the Energy Information Administration (EIA), in the United States the total domestic consumption of renewable energy will reach 36 percent in 2035. Renewable energy is the world's fastestgrowing source of market energy, the demand for which is estimated to rise by an average of 3.0 percent per year between and 2035 (EIA, 2014 .
Given this situation, it is fundamental to find conversion processes that are both economically and environmentally viable. According to Fogler (1999) , Plug Flow Reactors operate at high production rates. Our laboratory has built a continuous mini pilot plant for biodiesel production with three of these reactors, including an individual recycling system. Another extremely important continuous process is the reactive distillation technique. Since its development in the past decade, it has become the key force for meeting high production demands in some process (Beckmann et al., 2002) . It consists of an innovative process unit where the chemical reaction and separation of products happen simultaneously inside the same equipment. The distillation column has a reactive section combined with nonreactive rectifying and stripping sections (Souza et al., 2014) . A major characteristic of this technique is that conversions close 100% can be reached (Holtbruegge et al., 2014; Anton Kiss, 2011; He et al., 2006) .
The traditional biodiesel production process via batch reactors requires a large excess of alcohol to shift the chemical equilibrium. It also has a long operating time. On the other hand, the reactive distillation technique makes it possible to minimize the alcohol volumetric flow, since it is continuously being recycled at the top of the column (Souza et al., 2014; Boon-anuwat et al., 2015) . Indeed, this technique can process a high amount of raw material in a short time interval as a continuous process (Boon-anuwat et al., 2015) . When it comes to economic viability, several authors have demonstrated that this technique is potentially low cost. For example, Simasatitkul et al. (2011) emphasizes that in this process the transesterification reaction is carried out more completely and there is also a decreased processing cost of reactants in excess. Gomez-Castro et al. (2010) simulated the use of a thermally coupled reactive distillation and suggested that this modified system can be designed to reduce the energy consumption for methanolic biodiesel production at high pressures. Machado et al. (2013) explained that one of the major advantages of this technique is the aspect of saving energy during the reboiler operation, which is crucial for obtaining high quality products (Ignat and Kiss, 2013) .
In line with this innovative continuous technique, the Fuel Laboratory at the Federal University of Pernambuco has a pilot plant for biodiesel production by reactive distillation, which is controlled by hardware communication. The command software system was created in a Delphi environment with Pascal Language. The analysis of ester was performed by gas chromatography following the EN 14103 method (EN 14103, 2011) .
Our research aimed to obtain experimental data regarding biodiesel production processes via PFRs and reactive distillation and to compare them with those simulated in Aspen Plus. After developing the performance equation of these reactors with a recycle stream, it was possible to construct a 3D map in Matlab, showing the relationship between conversions, recycle ratios, and residence times. It was also possible to predict the most adequate configuration for a continuous production process of biodiesel on a large scale.
MATERIAL AND METHODS

Biodiesel Production Process and Experimental Analysis
Aspen Plus is a software commonly used in the chemical and petrochemical industries to evaluate process performance (Dharand Kirtanai, 2009 ). Triolein, ethanol and caustic soda were used to represent oil, alcohol and catalyst, respectively. NaOH was included in the alcohol stream, which was mixed with the oil stream before feeding the first reactor. Between the first and the second reactor there was a recycle stream that could assume different values. The product stream corresponded to ester, NaOH, glycerin and unreacted oil and alcohol. The mini pilot plant for biodiesel production that uses PFRs with recycle streams is shown in Figure 1 . The operating conditions of the pilot plant for biodiesel production via PFRs are shown in Table 1 .
A glass reactive distillation column was built with one oil feeding point, one alcohol feeding point and six sampling points along the distillation column, a reflux system at the top and a total condenser (Fig. 2) . A catalyst dosing system with three concentration levels, reboiler, pumping system for reactants and cooling water, volumetric flow meter system and regulator valve to establish the molar ratio between alcohol and oil were also integrated with the column system. The reactive distillation column was 1.5 m tall and 3 cm in diameter. It was packed with Raschig rings, 7 mm in diameter. The reactive distillation column was controlled by computer in order to obtain a high level of automaticity. Furthermore, a hardware supervisory system for communication between column and computer was developed. This supervisory system controlled the volumetric flow rates of oil and alcohol feeding the column, Table 1 . Experimental and simulated conditions of biodiesel production process via PFR reactors.
Raw material Triolein
Homogeneous catalyst NaOH
Ratio ethanol/oil 6/1
Feed stream flow rate (kg/h) 123.1
Reactor subroutine R Plug
Temperature of reactor 60ºC
Pressure of reactor 1atm
Temperature of ethanol/oil 60ºC
Density of oil/ethanol mixture (kg/m3) 878
Diameter of reactor x length (m) 0.05 x 0.7 the volumetric flow rate meter regulator and the reflux valve of condensed liquid at the top of column. The dosage level of the catalyst in the process and the temperature at the top and base of the column could also be specified via hardware. The pilot plant for biodiesel production that uses reactive distillation with recycle streams is shown in Figure 2 . Based on simulated results the initial experimental tests in the reactive distillation column were performed according to the operating parameters established in Aspen Plus. Oil was initially heated up to 55°C before being pumped to the top column stage. Volumetric flow rates of feeding oil and ethyl alcohol were 43.2 L/h and 31.1 L/h, respectively, which provided a molar ratio of 12/1 (alcohol/oil). Before being injected at the bottom of the column the alcohol stream had been totally vaporized after passing through the reboiler. The average temperature of the column was 75°C and the final product was obtained at the bottom. Ester and glycerol were generated by a transesterification reaction due to a counter current flow between the ascending vapor of the alcohol and the descending flow of oil and condensed ethyl alcohol. The catalyst was added into the recycle stream, which continuously returned condensed alcohol at the top of column. This catalyst flowed downward in order to promote an efficient operation and its mass fraction ratio relating to the feeding oil was 0.01%. All experiments carried out in the reactive distillation were performed with total reflux. The mini pilot plant of the reactive distillation process is shown in Figure 2 with the oil entering the top and the vaporized alcohol entering at the bottom of the column. Alcohol vapor provides the energy necessary to heat the process, required by a transesterification reaction.
The excess alcohol used in the process was condensed, and returned to the top via reflux stream, which received the catalyst. The reactive distillation column had collecting sections spaced at 0.25 m intervals, making a total of six sampling points.The thermodynamic models UNIFAC-DMD and UNIFAC-LLE were used to represent the liquidvapor and the liquid-liquid equilibria in the biodiesel process (Souza et al., 2014) . The operating conditions of the pilot plant for biodiesel productions via reactive distillation column are shown in Table 2 .
Factorial Design for Biodiesel Production via Reactive Distillation
The factorial design for obtaining experimental data in the mini pilot plant of reactive distillation is shown in Table 3 . The variables examined were molar ratio between alcohol and cottonseed oil, reflux ratio (yes or no), and sampling points. The results from both the experimental and the simulated tests were compared. 
Characterization of Components
The ester conversion was determined according to the European Standard Method EN 14103 (2011) by using a GC-Master gas chromatography with flame ionization detector and a capillary carbowax column. In order to stop the transesterification reaction an adequate amount of sulfuric acid was added to the samples. The resulting salts were removed by acid and neutral washing followed by centrifugation at 8000 rpm to separate the washing water from the biodiesel. After this, all samples were centrifuged and dried at 120°C for four hours.
Study of Performance Equation for Plug Flow Reactor with Recycle Stream.
In order to permit the final product to meet expected conversions and to minimize the cost of an industrial project, performance equations must be used to estimate the correct size for the chemical reactors. Figure 3 shows a PFR with a recycle stream.
Here is a description by Levenspiel (1999) of the performance equation, Eq. (1), for a PFR with recycle stream.
( )
1 /
where V is the volume of the reactor (m3), FAO is the mass flow rate of the feeding stream (kg/h), R is the recycle ratio, Xf is the conversion of products, and (-rA) is the kinetic expression of the chemical reaction. Souza (2015) described the kinetics of the transesterification reaction of cotton seed oil assuming the following reaction, as shown in Eq. (2). 
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This last expression shows the dependence between the residence time T, recycle ratio R and conversion XG inside a plug flow reactor. This expression was used for evaluating the effect of the recycle ratio on ester conversion by Matlab. Souza (2015) carried out a kinetic study of the transesterification reaction using cotton seed oil and determined the kinetic parameters, estimated with experimental data where the activation energy was 27.48 kJ mol−1, and the frequency factor was ko = 8173 dm3/(mol min) at 60ºC. Under the operating conditions of the mini pilot plant, the concentration CTGO was 0.5 mol/L. The residence time required for a desired conversion of 98%, varying the recycle ratio from 0 to 100 was also studied.
(1) (2) (3) (4) (5) The relationship between the volume of a chemical reactor (V) in m3 and its residence time (T) is shown in Eq. (6).
where Q is the volumetric feed flow of reactants (m3/min). By evaluating the residence time required to convert 98% of triglycerides into esters, we could then predict the required number of PFRs. Ester conversion was also evaluated in the product stream at the bottom of the column and the performance of both processes compared.
RESULTS AND DISCUSSION
Biodiesel Production Process via Plug Flow Reactors (PFRs)
The mini pilot plant for biodiesel production that uses PFRs with recycle streams reached an average conversion of 10.3%, with 0 recycle. Considering the operating conditions of the process and based on Equation 5, this was the highest conversion that could be achieved, with an optimal recycle rate. Furthermore, further experiments were avoided to save material. Results of simulations in ASPEN PLUS® obtained after increasing the recycle ratio in the PFRs are shown in Table 4 .
The simulated results indicated that the effect of increasing the recycle ratio was to decrease chemical conversion. Moreover, the highest ester conversion of 16.5 does not meet the requirements of standard specifications such as EN14142 and RE ANP nº14 (EN14142, 2010 and ANP, 2012) , which establish 96.5% as the minimal mass fraction for commercial use of biodiesel. Figure 4 shows the relation between the recycle ratio and the residence time for an estimated conversion in esters of 98%. Figure 4 shows the increase in residence time associated with a recycle ratio variation from 0 to 100.The minimal residence time occurs when the recycle ratio is 0. Even though high conversions in PFRs are possible, when the recycle ratio is increased, their performance become similar to that in a CSTR reactor and the global efficiency of the process is reduced. Consequently, in order to obtain 98% conversion into esters, the best condition is the one with 0 recycle ratio.The use of baffles is also recommended to provide an efficient agitation inside a PFR.
The expression obtained in Eq. (4) was used to create a 3D map in MATLAB, showing the profile between the recycle ratio, conversion and residence time ( Figure 5) .
In Figure 5 , the light area up on the left side shows an undesirable condition for the biodiesel production process in a PFR. This is due to an extended residence time required for high ester conversion. In contrast, low conversions associated with low residence times and recycle rates are situated in the dark area at the bottom left, illustrating inadequate working conditions. According to the 3D map, the ideal region for operating PFRs is situated in the dark region at the bottom right with low recycle ratios and high conversions. Despite the initial purpose of constructing a system with recycling to obtain high conversion rates, the simulated data showed a negative effect on overall efficiency. These results show that further studies of the biodiesel production process via PFRs are also required. 
Biodiesel Production Process via Reactive Distillation
The total time of 20 min for operating the reactive distillation process was three times faster than the conventional batch process. Figure 6 shows a comparison between experimental and simulated results obtained via reactive distillation.
The trend line equation shown in Figure 6 , for the experimental points is given by Eq. 7 ( ) 
The increasing conversions throughout the column reached a maximum of approximately 60% at the bottom (sampling point 6). All experimental results agreed with those previously simulated. The simulated results for 6 theoretical stages are similar to the experimental data for a packing height of 1.5 m of the column, indicating a theoretical stage equivalent height (HETP) of 0.25 m. Figure 7 shows the composition profiles inside the reactive distillation column. Figure 7 illustrates that in the first two stages ethanol and oil are the major components. This is mainly due to the fact that alcohol is continuously recycled at the top of the column and the oil stream is situated in the second stage. Differently, glycerin and biodiesel are gradually produced in a top down direction and they reach a maximum of production at the bottom of the column. The energy required by the distillation column was 5.8 kW in the simulation study and it was 6.4 kW in the experimental run, since there was heat loss throughout the column.
This similarity between experimental and simulated results constituted a basis for continuing the factorial design. Figure 8 shows the results obtained after performing the experimental analysis in the reactive distillation column based on previous factorial design. Figure 8a shows an increase of ester conversion from top to the bottom of the reactive distillation column. This is because a higher reaction time is verified for the final sampling points. Figure 8b shows that the presence of full recycle at the top of the column contributes to an increase in ester conversion, mainly in the first sections of the column. This is due to the excess of alcohol inside the column, which stimulates the trasensterification reaction.
Similarly to the first condition in Figure. 8a, Figure  8c illustrated an accentuated ester conversion at the final sampling points. However, the ester formation rate at the top is analogous to the second condition, shown in Figure  8b . Although Figure 8d also presents an increase in ester conversion moving down the column, the recycle rate at the top did not affect the conversion significantly. Due to this fact we concluded that, for this experiment, the maximum molar ratio of alcohol/oil was approximately 17/1. Figure 4 shows that, for a condition of 0 recycle, a residence time of 5.3 minutes (0.09 h) was required to perform the transesterification reaction. Adopting a feed flow into the first reactor, as shown in Figure 1 , of 123.1 kg/h and considering the density of 878 kg/m3, provided by ASPEN PLUS, the volumetric flowrate Q becomes 0.14 m3/h. Consequently, the optimum volume of the required reactor was 0.0126 m3. The PFRs in the mini pilot plant at the laboratory have an individual volume of 0.0014 m3. In this situation, the possibility of achieving conversions near to 98% via PFRs with recycling can only happen by a drastic reduction of the volumetric flow rate. This, however, does not fit with the purpose of producing biodiesel on a massive scale. Considering the operating condition of the pilot plant, 9 PFRs with the same diameter would be required for an ester conversion of 98%. By contrast, conversions near to 98% were possible by a single reactive distillation column operating at an alcohol/oil molar ratio of 12/1, as shown in Figure 8b . Thus, the reactive distillation technique is the most adequate and promising continuous process to meet future demands for biodiesel.
Comparison between PFRs and Reactive Distillation
CONCLUSION
After reproducing the initial conditions of a biodiesel mini pilot plant via PFR in ASPEN PLUS, we verified that low conversions of esters were obtained. These conversions decreased with the increase of the recycle ratio. A 3D map, based on a PFR performance equation, showed that high recycle ratios and conversions are also associated with longer residence times, leading to the construction of larger units and an increase in the cost of the process. We found that, for a conversion of 98% (m/m) into esters, 9 PFRs of the same volume are required.
In contrast, a single reactive distillation column was able to convert 98% of oil into ester, as shown in Figure 7b . Indeed, the recycle ratio of alcohol at the top of the column positively affected the purity of ester along the column and the optimized condition was found at an alcohol/oil molar ratio of 12/1. Furthermore, the innovative reactive distillation technique shows an excellent potential for meeting the global demand for biodiesel via a continuous process.
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